Abstract-This paper presents a novel electrochemically assisted wet-etching method for maskless selective removal of metal layers. This method has been developed as the key process step for enabling the fabrication of low-loss 3-D micromachined silicon-oninsulator-based radio-frequency microelectromechanical systems transmission line components, consisting of a silicon core in the device layer covered by a gold metallization layer. For this application, the full-wafer sputtered metallization layer must be locally removed on the handle layer to guarantee for a well-defined and low-loss coplanar-waveguide propagation mode in the slots of the transmission line. It is not possible to use conventional photolithography or shadow masking. Gold areas to be etched are biased by a 1.2-V potential difference to a saturated calomel reference electrode in a NaCl(aq) solution. The measured etch rate of the proposed local electrochemically biased etching process is 520 nm/min, and no detectable etching was observed on unbiased areas even after a 1-h etch. The suitability of different adhesion layers has been investigated, and Ti-based adhesion layers were found to result in the highest yield. The new etching method has been successfully applied for the fabrication of transmission lines with integrated microswitches, lowering the insertion loss of the waveguide at 10 GHz from 1.3 to 0.3 dB/mm. The issue of unwanted thin metallic connections caused by secondary deposition during sputtering is discussed but found not to significantly affect the process yield. Finally, local removal of gold on isolated features even within the device layer is presented for locally removing the metallization on stoppers of laterally moving electrostatic actuators, to drastically reduce the mechanical wear on stopper tips.
dimensional micromachining allows for the fabrication of transmission lines which are characterized by extremely low losses [3] . The substrate losses are reduced either by suspending the signal line above the substrate or by etching the substrate below the transmission line. Furthermore, ohmic losses are reduced by having thick high-aspect-ratio structures with tall sidewalls, allowing a larger volume for the crowded signal current, which is laterally confined by the skin effect to a small volume on the edge of conventional thin signal lines. The diverse fabrication techniques employed for 3-D transmission lines include both surface micromachining and bulk micromachining, ranging from molded polymer core electroplated structures [4] to KOH etched grooves in Si substrates [5] .
Micromachined transmission lines in silicon-on-insulator (SOI) have been demonstrated for switches [6] , and the authors of this paper have demonstrated coplanar-transmission-lineembedded mechanically multi-stable single-pole-double-throw switch mechanisms [7] , [8] , as shown in Fig. 1 .
Electrochemical processes are heavily used in microfabrication because of their cost effectiveness, uncomplicated setups, and high selectivity [9] . Additive (cathodic) reactions are used for electrodeposition of metal layers [10] , through-mask electroplating for mold replication [11] , and electroforming for creating 3-D shapes [12] . Subtractive (anodic) reactions are used for electropolishing to level out surfaces [13] , electrochemical micromachining in the proximity of a precision shaped tool [14] , and electrochemical etching through a resist mask [15] .
In this paper, we make use of electrochemically discriminated dissolution of gold in a chloride solution. Above a certain electrode potential, gold is dissolved as a Au(III) complex [16] , [17] Au(s) + 4Cl − (aq) → AuCl 
This reaction has been used in microfabrication for electrochemical etching of seed layers [18] and for localized release of Au-Si eutectically bonded microstructures [19] . It has also been proposed for in vivo release of drugs [20] . In this paper, we propose the use of maskless electrochemically assisted wet etching for localized removal of unwanted metal areas. The basic idea of this paper was first introduced by the authors at a technical conference [1] . This paper has been enhanced with a detailed discussion on the effect of residual gold 1057-7157/$26.00 © 2011 IEEE on the transmission modes and sensitivity of the characteristic impedance of the transmission line, by simulation data and by experimental verification by RF measurements of fabricated test devices, a comparison of the etch performance to literature data, measurements of the surface profile during etching, and a discussion on yield problems from reduced selectivity due to nonideal isolation of the etched areas.
II. METALLIZATION PROBLEMS IN SOI RF MEMS STRUCTURES
The authors have previously reported on bulk 3-D micromachined CPWs with embedded mechanically bistable RF microelectromechanical systems (MEMS) switches (Fig. 2) , based on deep reactive ion etching (DRIE) of a SOI wafer in a single-mask fabrication process shown in Fig. 3 [7] , [8] .
The patterned 30-μm-thick device layer is undercut by wet etching of the SOI buried oxide layer in buffered hydrofluoric acid (BHF) [ Fig. 3(c) ], which releases moving elements of the switch and also disconnects the metal coating on the device layer sidewalls from the metal layer on the substrate during the subsequent full-wafer sputter metallization [ Fig. 3(d) ]. While the metal on top and on the sidewalls of the structures in the device layer forms the conductive parts of the transmission line, the metal on the substrate is not wanted. Even though it is disconnected from the metal coatings of the 3-D transmission line, the substrate metal has a negative influence on the transmission line performance. For the ideal transmission line design with no metal on the substrate [ Fig. 4(a) ], the transmission losses are low since the electric field is mainly confined outside the substrate and the current distribution along the sidewalls is very uniform. However, in the presence of the unwanted metal areas on the substrate [ Fig. 4(b) ], there are increased dielectric losses because of the field lines penetrating the silicon substrate, and also, the ohmic losses are increased because of current crowding on the edges of the thin metal layers. The performance of a waveguide can be judged by its propagation properties, which can be computed from the cross section and the material properties. The ideal waveguide has low attenuation and a constant fabrication-tolerance-insensitive characteristic impedance of typically 50 Ω. Furthermore, the waveguide should have a single dominant transmission mode over a large bandwidth to avoid lossy dispersion. The propagation of various CPW designs has been simulated using ANSYS HFSS. Fig. 5 shows a simulated comparison of the propagation in the CPW with and without the residual gold on the handle substrate. In the case of the residual gold having been removed, the desired CPW mode (1) is clearly dominant, has low attenuation, and is well matched to 50 Ω. With the residual gold remaining, there are three dominant modes, which all have much worse attenuation and a characteristic impedance of 13-25 Ω which is difficult to change to 50 Ω for any practically suitable geometry. Fig. 6 shows an attenuation plot for the dominant modes from Fig. 5 . Furthermore, without gold on the substrate, matching the transmission line design to a 50-Ω characteristic impedance is straightforward, for example, by adapting the distance between the signal line and the ground. With the substrate metal layer present, it is almost impossible to adapt the geometry to fit a 50-Ω line because of the too narrow slots. Moreover, since the position of the metal edges is unpredictable, the characteristic impedance is very difficult to control, resulting in increased reflections. Fig. 7 shows the sensitivity of the characteristic impedance to a lateral deviation of the edge of the deposited metal layer. Without the residual gold on the substrate, the sensitivity to fabrication tolerances is eight to ten times lower than that with the residual gold still there, which makes the design more robust.
Unwanted sputtering or evaporation of metal could be avoided by using a shadow mask. However, shadow masking is not suitable for this process since it is not possible to achieve both good step coverage of the sidewalls and avoiding of any deposition on the substrate at the same time. Furthermore, the alignment accuracy needed for this process is not possible with shadow masking.
Photolithography is also unsuitable because of the large step size. Even when using spray coating, it is impossible to protect the sidewalls in narrow high-aspect-ratio trenches without also protecting the metal below the sidewall edges.
Localized electroplating of the gold, instead of full-wafer sputtering, would be possible. However, the roughness of the electroplated gold surface makes it unsuitable for microwave signals, and the seed layer still needs to be removed from the substrate.
As an alternative to SOI wafers, silicon-on-glass substrates could also be used for this RF MEMS device process.
III. MASKLESS ELECTROCHEMICALLY ASSISTED SELECTIVE WET ETCHING
The etching method for removing unwanted gold areas, as presented in this paper, is based on the electrochemically discriminated dissolution of gold in a chloride solution [16] , [20] . Fig. 8 shows the etching setup for etching gold on the substrate of a SOI wafer. A potentiostat circuitry controls the potential between the anode and the saturated calomel reference electrode (SCE) in the 1-mol · L −1 NaCl(aq) electrolyte. The sample to be etched is submerged into the electrolyte, and the anode is placed in contact with the substrate gold to be etched. Keeping a 1.2-V potential difference to the reference electrode favors the formation of water-soluble Au(III) complexes at the anodic gold-electrolyte interface, dissolving the gold [16] . Only a single anode contact point is necessary to etch all gold areas on the substrate, if these areas are electrically connected in the mask design, which is typical for this type of CPWbased RF MEMS devices. Thus, the electrochemical etching is independent of the substrate conductivity, and a high-resistivity substrate may be chosen for best performance. For designs with closed-loop structures, where different areas on the substrate are isolated by geometry and, thus, electrically from each other, multiple contact points or doped low-resistivity paths in the substrate can be used. The gold areas on the device layer of the SOI wafer are not electrically connected to the anode and, therefore, not attacked. A vacuum chamber treatment of the samples submerged in the NaCl(aq) solution was necessary to remove air pockets from the narrow waveguide trenches before the etching. A low-pressure level of about 10 mbar was sufficient. Fig. 9 shows how all gold on the substrate is completely dissolved even if gold islands are formed during the etching. This is guaranteed by the metal adhesion layer for the metallization process, which is not attacked by the electrochemical etching, and thus is electrically connecting even separated gold areas on the substrate. The reasons for the locally faster removal of certain gold areas are nonuniformities in the gold layer thickness and local higher field strengths caused either by surface roughness or by the geometry of the design. The adhesion layer is subsequently removed in a conventional wet etch step, i.e., not electrochemically assisted, as the chemical etchant provides a sufficient etch selectivity between the adhesion layer material and the gold. The adhesion layer below the remaining gold areas is not attacked since it is covered by the gold.
A photograph of the etching setup is shown in Fig. 10 . The setup includes a stereomicroscope for inspection during etching, a magnetic stirrer, an elevated positioning platform for probing of the sample in the solution, the reference electrode, and the gold cathode.
SEM pictures of the cross section of a 3-D micromachined waveguide structure before and after the etching are shown in Fig. 11 .
IV. RF CHARACTERIZATION
The need of removing the residual gold from the waveguides was verified by RF characterization of fabricated waveguides, both with and without the residual gold (see Fig. 11 ), by S-parameter measurements with a two-port network analyzer and statistical evaluation. The measurement results are shown in Fig. 12 . Waveguides of four different lengths were measured, and average transmission parameters for multiple waveguides of each length were obtained and plotted with 2σ error bars. Fig. 12(a) shows that the structures with the residual gold not having been removed are clearly more lossy for all samples than the waveguides where the residual gold has been removed. At 10 GHz, for instance, the insertion loss is reduced from 1.3 to 0.3 dB/mm, which corresponds to a reduction in transmission power loss from 25% to 6.6% loss per millimeter. Fig. 12(b) shows that the losses really are attributed to radiation and material losses, as the RF reflections, well below 1% for both cases, are insignificant (0.6% for the residual gold not having been removed and 0.05% for the residual gold having been removed).
Thus, the removal of the residual gold meant a significant improvement in the performance of the transmission line, as predicted by simulations in Section II. The main source of the 0.3-dB/mm loss of the transmission lines without the residual gold is believed to be that the gold thickness on the sidewalls of the signal line is less than the skin depth, due to unoptimized step coverage in the sputtering process.
V. ETCH CHARACTERIZATION
To characterize the etching process, three 500-μm-thick standard silicon wafers were metallized and diced into 1-cm 2 -large test pieces. Three different metallization stacks were applied on different test wafers: evaporation of Ti and Au, evaporation of Cr and Au, and sputtering of Ti 30 W 70 and Au. All metal layers were 50 nm thick, resulting in a total metal thickness of 100 nm. Fig. 13 shows the etch current measured at the cathode during the etching of the evaporated gold layer on one of the Ti/Au test pieces. The etch rate reaches a maximum of 16 nm/s and varies during the process because of the reduction of the etched area. For completely etching a gold layer of a measured thickness of 520 nm, the etch time was 60 s, i.e., the etch rate of the electrochemically assisted etching at a controlled bias potential of 1.2 V versus SCE in the 1-mol · L −1 NaCl(aq) solution was determined by the present work to be 520 nm/min. The inserts show microscope pictures of the sample, taken during the etching, showing the formation of a gold island because of the gold being etched faster on the edges of the sample. The anodic probe needle is positioned in the top-right corner of the sample, which obviously accelerates the etching in that corner.
Simulation results of a simple numerical etch model, written in MATLAB, are shown in Fig. 14 . The model takes into account the 1/ √ t behavior of saturating diffusion [21] and also approximates the effects of the etch rate being faster at the boundaries of the etched area and additional etch-rate acceleration at the edges of the chip due to increased convection in the agitated solution. The normalized simulated etch current is in good agreement with the measured behavior.
Surface scans of the etched surface, obtained by optical profilometer measurements, are shown in Fig. 15 for different stages of the etching. Also here, it can be seen that the outside of the test chip is etched first and that the gold surface is roughened during the etching.
In Fig. 16 , the influence of different adhesion layer materials on the gold etch performance is shown. The gold was etched on three test pieces for each of the three metallization stacks. The graph shows the cumulative etch charge as a function of time, i.e., the time integral of the etch current measured during the etching. The slope of the curves corresponds to the etch speed, and the onset of the final flat of the curves indicates that the etching has stopped. The final level of the curve represents the total amount of transferred charges, which corresponds to some degree to the total amount of removed gold. All of the gold was completely etched on all samples based on Ti and Ti 30 W 70 adhesion layers, whereas the gold on two of the Cr-based samples was not etched completely, as indicated by the curves stopping prematurely. Even for the completely etched samples, there is considerable variation in the etch speed and the total etch charge. The performance of the etch is compared to literature values from [16] in Fig. 17 with decent agreement. Fig. 18 shows microscope pictures of the etching on the different adhesion layers.
A possible explanation for the etch speed variation could be a difference in the electrical contact between the anodic probe needle and the metal during different runs. If the contact resistance is high, the etch speed will be decreased because of a Fig. 16 . Comparison of the etch performance of gold on different adhesion layer materials. On all of the samples using Ti and TiW, the gold was etched completely, whereas on most of the Cr samples, the gold etching stopped prematurely. Fig. 17 . Current density as a function of electrode potential for the different test samples, compared to the data from [16] . larger voltage drop. A source of error in measuring the total etch charge could be the additional electrolysis of H 2 O into H 2 and O 2 , which theoretically occurs already at 1-V potential difference to the reference electrode [22] . The premature stopping of the etching on the samples with a Cr adhesion layer is explained by the electrochemical etching also attacking the Fig. 19 . SEM picture of an overhang test structure metallized by sputter deposition of gold. Even though the metal is deposited from the top, there is a continuous layer deposited even in the inner part of the shadowed area. Thus, under these sputtering conditions, there will be a thin electrical bridge reducing the selectivity between the gold areas when etched electrochemically. Fig. 20 . SEM picture of a stopper used to prevent short circuit between the switch cantilever and the actuator electrode. adhesion layer: Literature values for the anodic dissolution of chromium in chloride solutions show that it is attacked at a rate of 10 −2 A/cm 2 which is comparable to that of gold at 1.2 V [16] , [23] , and thus, parts of the sample become completely isolated from the anode and are not further etched. Ti and TiW have a much higher resistance to chloride corrosion: The current densities at 1. [25] , respectively, i.e., the selectivities of these layers to gold are about 1 : 1000 and 1 : 100, respectively.
The etch selectivity to gold areas on the device layer which are not electrically connected to the anode was determined by measuring line scans of the surface profile of biased and unbiased samples, before and after etching, using an optical profilometer. No detectable etching of the unbiased sample could be seen even after 1-h etching time (the total etching after 1 h was smaller than the surface roughness of less than 3 nm). Furthermore, no detectable etching of unbiased gold areas in close proximity to the biased areas, which were etched at 520 nm/min, was seen on test samples featuring a 500-nm gold layer on a 1-μm oxidized low-resistivity silicon substrate, in which 40-μm-wide and 125-μm-deep dicing lines were cut to isolate the neighboring areas for the purpose of measuring the etching selectivity. 
VI. CONSIDERATIONS ON THE STEP COVERAGE OF THE METALLIZATION LAYERS
The SOI RF MEMS 3-D transmission line structure (see Fig. 1 ) requires a certain step coverage in the metallization of the device layer in order to sufficiently cover the sidewalls of the transmission line. However, if the step coverage is too high, a thin metallic interconnection between the device layer and the handle layer of the structures might short-circuit these metal layers, which means that gold on the device layer would also be etched when the gold on the handle layer is electrochemically etched. This issue was observed on some of the chips where, while most isolated elements remained unetched, some waveguide elements were visibly attacked and some were completely etched. Fig. 19 shows a SEM picture of a photoresist test structure with a 5-μm overhang, where even the most shadowed part is coated due to resputtering from the handle substrate during the metal coating. Appropriate tuning of the deposition parameters avoids this problem, resulting in electrically isolated areas as shown in Fig. 11 .
VII. LOCAL REMOVAL OF GOLD ON INDIVIDUAL DEVICE LAYER ELEMENTS
In addition to the removal of the gold on the handle layer of SOI RF MEMS devices, as demonstrated in the previous sections of this paper, the method can also be used to locally remove gold from individual isolated elements in the device layer. This is shown in this section for removing gold on individual stoppers (Fig. 20) of electrostatic actuators without isolation layers, reducing the wear between these nonelectrically functioning mechanical contact points [8] . Repeated actuation causes mechanical wear of the gold on the stopper tips which increases the susceptibility of stiction and thus drastically reduces lifetime.
The electrochemically assisted etching is applied to locally removing the gold on the stoppers. For the etching, the top gold surface of the stoppers to be etched was directly contacted with the anodic probe needle. To judge the effect on the mechanical wear of the stopper tips, test devices with or without gold on their stoppers were actuated for 150 million cycles at 3-kHz switching frequency. Even though stiction was not observed for any device for these low cycle numbers, a clear difference in the stopper tip wear was observed. Fig. 21(a) shows heavy contact wear of a gold-covered stopper tip, whereas Fig. 21(b) shows no signs of wear after 150 million cycles for a stopper tip where the gold coating had been removed. A material analysis was performed using an Oxford INCA EDX system, showing that the gold had been removed from the stopper and its sidewalls. A comparison between unactuated and actuated stopper tips indicated that some gold is transferred from the still gold-coated cantilever side to the stopper tip during the 150 million cycles.
VIII. CONCLUSION
A novel method for selective local removal of metal layers using maskless electrochemically assisted wet etching has been presented and successfully applied to the fabrication of 3-D micromachined SOI RF MEMS transmission lines with embedded laterally actuated microswitches. RF characterization of the transmission lines shows good correspondence with simulations and verifies the need for etching the metal layers. Furthermore, selective removal of the metallization on stoppers has been shown to drastically reduce the mechanical wear on the stopper tip. 
